A combination of horse anti-thymocyte globulin and cyclosporine produces responses in 60-70% of patients with severe aplastic anemia. We performed a phase II study of rabbit anti-thymocyte globulin and cyclosporine as first-line therapy for severe aplastic anemia.
Introduction
Aplastic anemia (AA) is a hematopoietic stem cell disorder characterized by pancytopenia and hypocellular bone marrow. The pathogenesis of most cases of idiopathic AA involves T-cell-mediated destruction of hematopoietic progenitors and stem cells; 1 consequently, therapeutic immunosuppression has been effective in a large proportion of patients. The most effective immunosuppressive regimen includes horse anti-thymocyte globulin (hATG) in combination with cyclosporine, a treatment which has been shown to be superior to either ATG or cyclosporine alone. 2, 3 When used as a first-line treatment for severe AA, 60-70% of patients have a hematologic response. [4] [5] [6] In one representative study, the actuarial 10-year survival for patients treated with immunosuppressive therapy was 68%. 5 ATG can exert various effects on the immune system, including T-cell depletion in the blood and peripheral tissues, down-modulation of adhesion molecules and chemokine receptors, 7 and possibly a direct effect on hematopoietic stem cells. [8] [9] [10] While most studies have been performed with hATG, more recently, rabbit-derived ATG (rATG) has been introduced into clinical practice, particularly in organ transplantation. Although both types of ATG share similar mechanisms of action, rATG may be more potent than hATG at an equivalent concentration based on its capacity to produce more profound and prolonged lymphocytopenia. Thus, it is not surprising that loads of Epstein-Barr virus have been found to be higher in patients receiving rATG. 6 In addition, rATG may selectively promote the expansion of regulatory T cells, 11 possibly inducing in vivo immune tolerance through this mechanism. 7 While hATG has been the primary treatment used for severe AA, patients with relapsing or refractory AA often receive rATG after a first course of hATG. Although initially reported response rates in this setting approached 77%, 12 responses in subsequent studies were more modest, at 30% in hATG-refractory patients and 65% in relapsed primary responders. 13 Only limited efficacy data are available for rATG used as initial therapy in severe AA. In a single arm, phase II study, 62% (13/21) of AA patients responded when treated with rATG/cyclosporine upfront.
14 When patients were treated with either hALG (lymphoglobulin) or rATG, similar response rates were obtained for both (48% versus 46%). 15 Similarly, a prospective study in China enrolled AA patients into four different ATG-based treatment regimens, including hATG and rATG in combination with cyclosporine and growth factors. 16 The response rate was 73% (22/30) versus 53% (17/32) (P=0.039), respectively. In a recent, retrospective study, the response rate at 6 months was significantly higher in patients who received hATG (59%) than in those given rATG (34%). 17 Of note, the median rATG dose used in this study was only 2.5 mg/kg/day x 5 days. In another cohort of AA patients, 13/14 (93%) AA patients treated with hATG responded, while only 8/17 (47%) responded to rATG. 18 We conducted a phase 2 study of the rATG/cyclosporine combination as an initial treatment for patients with severe AA, and compared their responses to those of a historical cohort of patients with severe AA treated with hATG. We also investigated the activity of hATG and rATG as salvage therapy, and analyzed factors associated with response to therapy.
Design and Methods

Patients
We analyzed 89 patients with severe AA who underwent initial therapy with rATG between 2005 and 2009 (n=22) as part of a prospective phase 2 study and compared these patients' outcomes with those of a retrospective series of well-matched patients treated with hATG between 1996 and 2010 (n=67). Since the characteristics of the patients treated with each therapy were similar, both groups were then pooled to assess prognostic factors. Informed consent was obtained in accordance with protocols approved by the Institutional Review Board of Cleveland Clinic (Cleveland, OH, USA). For this study, severe AA was defined as a bone marrow cellularity of less than 30% associated with at least two of the following peripheral blood count criteria: (i) absolute neutrophil count (ANC) less than 0.5¥10 /L. 4, 19 Baseline laboratory values were defined as the lowest value during the 4 weeks prior to immunosuppressive therapy and were determined prior to transfusions: the prognostic algorithm is, therefore, free of transfusion artifacts.
We also studied 23 AA patients with relapsed (n=12) or refractory disease (n=11) who fulfilled the criteria for severe AA. Out of those who were initially treated with hATG, 13 patients were then treated with rATG while four were treated with repeat hATG. Among the patients who initially received rATG, six were then treated with hATG. Patients were administered hATG (Pfizer, Kalamazoo, MI, USA) at a dose of 40 mg/kg per day intravenously on days 1-4, or rATG (Genzyme, Cambridge, MA, USA) at a dose of 3.5 mg/kg per day intravenously on days 1-5. Cyclosporine was given at a dose between 200 to 400 mg per day following the last day of hATG or rATG infusion and adjusted to maintain a serum level of 200-400 ng/mL or based on renal toxicity or tolerability. At our center, patients typically received corticosteroids, usually methylprednisolone, at a dose of 1 mg/kg per day, from day 1 until day 14; the dose was then tapered down to prevent serum sickness. All patients received supportive care whenever indicated as previously described. 4 A chromosome breakage test was done in patients younger than 30 years old to rule out Fanconi's anemia.
Response criteria
Patients were considered responders if they no longer met the criteria for severe AA in the absence of recent transfusions and administration of granulocyte colony-stimulating factor. 4, 19 Response was evaluated 3, 6 and 12 months after immunosuppressive treatment. We defined relapse as a need for retreatment with ATG following an initial response. 4 Patients who underwent stem cell transplantation prior to 6 months and patients who died within 90 days of therapy were considered as non-responders. The median follow-up period was 792 days (range, 37 -1800) for patients treated with rATG and 1174 (range, 8-4492) days for those treated with hATG.
Auxiliary studies
Screening for a paroxysmal nocturnal hemoglobinuria (PNH) clone was done using the flow cytometric analysis of CD55 and CD59 expression on neutrophils or red blood cells as previously reported. 20 Patients were considered to have a positive clone in the absence of greater than 1% glycophosphatidylinositolanchored surface proteins. 19 V beta (Vβ) flow cytometric analysis was also done to quantify the percentage of each Vβ family in the CD4 and CD8 lymphocyte populations, as previously described. 21 In this study, a significant clonal expansion was defined as one that was greater than the mean plus three standard deviations of that in healthy controls. 22 HLA typing was performed for all patients.
Genotyping of cytokine polymorphisms
Cytokine single nucleotide polymorphisms were determined by sequencing the following: interferon-γ (IFN-γ) intron (+874 A/T), transforming growth factor-β (TGF-β) codons (10 C/T and 25 C/G), interleukin (IL)-4 (-1098 G/T, -590 C/T), IL-4Ra (+1902 A/G), tumor necrosis factor-α promoter position (-308 A/G), IL-1α (-889 C/T), IL-1β (-511 C/T and +3962 C/T), IL-1 receptor (+1970 C/T), IL-1Ra (+11100 C/T), IL-2 (-330 G/T, +1662 G/T), and IL-6 (-174 C/G, nt565 A/G).
Statistical analysis
Response at 6 months and overall survival, measured from the date treatment was started to the date of death or last follow-up, were the primary outcomes analyzed; however, other outcomes including response at 3 and 12 months, relapse and early death were also examined. Categorical data were summarized as frequency counts and proportions, measured data were summarized as medians and ranges and duration of response and overall survival were summarized using the method of Kaplan and Meier.
Univariable analyses were performed using Fisher's exact test and the Cochran-Armitage trend test (categorical data), the Wilcoxon rank sum test (measured data), and the Cox proportional hazards model (overall survival and duration of response). Logistic regression and Cox proportional hazards models were used to assess multiple factors simultaneously. In multivariable analyses a step-up selection algorithm with P=0.1 as the criterion for entry into the model was used to identify independent predictors of response at 6 months and overall survival. For convenience and simplicity a recursive partitioning algorithm was used to identify optimal cut points for measured data such as age at diagnosis and pretreatment blood counts. A bootstrap re-sampling algorithm that employed 1000 simulations was used to provide internal validation of the final response and survival models. All data analyses were performed using SAS version 8.0 (SAS Inc., Cary, NC, USA)
Results
Patients' characteristics
Eighty-nine patients were initially considered for inclusion in the analysis of de novo-treated patients; however, two patients treated off-protocol with rATG were excluded from the analysis. The characteristics of the analyzed patients are summarized in Table 1 ; 67 patients (77%) were treated with hATG (historical control group) and 20 (23%) were treated with rATG. With the possible exception of a slightly higher pretreatment ARC in the hATGtreated group (median 28¥10 9 /L for hATG versus 20¥10 9 /L for rATG, P=0.09) there were no statistically significant differences in baseline characteristics between the two groups ( Table 1) . Fourteen patients with refractory AA underwent stem cell transplantation; ten in the hATG group and four in the rATG group. No excess toxicity was observed in patients who received rATG, which should have resulted in premature termination of the protocol. The difference in the efficacy of rATG and hATG was the primary focus of this study; however, because the characteristics of the patients treated with each therapy were similar, both groups were pooled to assess prognostic factors.
Hematologic response following immunosuppressive treatment
Response to theraphy was analyzed 3, 6, and 12 months after the course of immunosuppressive therapy (Table 2) . At 3 months, the response rate for patients in the hATG group was 55% (complete response=5%, partial response=50%), while that for patients receiving rATG was 40% (partial response=40%) (P=0.43). At 6 months, the response rate was 58% (complete response=6%, partial response=52%) versus 45% (partial response=45%) (P=0.44) and at 12 months, 58% (complete response=8%, partial response=50%) versus 50% (partial response=50%) (P=0.61), respectively. Six (9%) patients died early (<90 days from the start of immunosuppressive therapy) in the hATG group: four due to infectious complications, one due to renal failure and subsequent pulmonary edema, and one of undetermined cause. In the rATG group, two (10%) patients died early, both due to neutropenic sepsis.
Refractory disease/relapse following immunosuppressive treatment
The relapse rate for patients treated with hATG was 16% while that for patients treated with rATG was 5% (P=0.28). In our center, we maintain patients on cyclosporine as long as they are responding or not developing renal complications. In the hATG cohort, six primary non-responders patients were subsequently treated Efficacy of rabbit ATG in severe AA haematologica | 2011; 96 (9) 1271 with rATG and none responded at 6 months. Eleven patients relapsed; seven were then treated with rATG and four with repeated hATG. Of the seven patients subsequently treated with rATG, four responded by 6 months, one patient did not respond and two were not evaluable for response. Of the four patients re-treated with hATG, two responded by 6 months and two did not. In the rATG group, five primary non-responders were then treated with hATG; one patient responded by 6 months while another patient responded by 12 months. Two patients did not respond and one patient underwent bone marrow transplantation 2 months after the second treatment with ATG. One patient relapsed and was not a responder at 6 months after hATG treatment. Because of very limited number of patients, caution should be exercised in interpreting these data.
Evolution
In our cohort, 15/87 patients (17%) experienced clonal evolution. The median follow-up time was 792 (range, 37 -1800) days and 1174 (range, 8-4492) days for patients treated with rATG and hATG, respectively. In the hATG cohort, 11 patients had progressive disease (9 developed a myelodysplastic syndrome, 3 developed acute myeloid leukemia, 1 had clinically manifest PNH) while two patients in the rATG group progressed (1 myelodysplastic syndrome, 1 acute myeloid leukemia). Of these 15 patients, ten had del(7) or del(7q). No factors were found to predict clonal evolution, nor was there a difference in this complication between the rATG and hATG groups.
Correlation of clinical parameters and response
Considering the patients' baseline factors described in Table 1 Table 1 (gender, age, HLA DR15, PNH clone, hemoglobin, platelet, ALC, ANC, and ARC), ARC was again seen to be prognostic of response (P=0.007). The presence of a PNH clone, which was not statistically significant in univariable analysis, was seen to be an independent predictor of response (P=0.01, Table 3 ). Adjusting for these two factors, the difference in response rates between the rATG and hATG groups remained non-significant (P=0.51).
As the point estimates in multivariable analyses of response for the presence of a PNH clone and ARC were similar in magnitude (1.97 and 2.30, respectively), a simple prognostic score could be created by counting the number of poor-risk features present, with the absence of a PNH clone and a pretreatment ARC of less than 30¥10 9 /L each counting as one poor feature. Based on this score, three distinct prognostic groups could be defined: 23% (10/44) of patients had the most favorable profile (i.e. no poor risk features -PNH clone and pretreatment ARC ≥30¥10 9 /L) and all ten patients responded. In contrast, in patients with one poor-risk feature (i.e. no PNH clone or pretreatment ARC <30¥10 9 /L), 11/20 patients (55%) responded and among those patients with an unfavorable profile (i.e. no PNH clone and pretreatment ARC ≤30¥10 9 /L), only 3/14 patients (21%) responded (P<0.001) (Table 4) . When, in addition to the clinical parameters, the impact of T-cell receptor repertoire at presentation on the quality of subsequent response was analyzed, flow cytometric Vβ typing showed that patients with significantly expanded CD4 Tcell clones at baseline were more likely to have responded by 3 months. Overall, 15/57 had positive CD4 Vβ expansion according to our criteria; these 15 patients with CD4 Vβ expansion comprised 38% (12/32) of the responders versus 12% (3/25) of the non-responders (P=0.03). CD8 expansions had no relationship with response: overall, 35/57 (61%) had a CD8 expansion with the incidence being 15/25 (60%) in non-responders and 20/32 in responders (63%) (P=1.00).
Impact of immunogenetic polymorphisms
Among a large number of immunogenetic polymorphisms studied (see Design and Methods section), only TGF-β codons 10/25, IFN-γ, IL-4 codons 590/1098 and IL4-Ra 1902 were shown to have a higher frequency in our internal AA cohort (data not shown). When these parameters were analyzed within the initial cohort of patients with severe AA (both those treated with rATG and those treated hATG) with regard to the contribution to refractoriness/responsiveness to immunosuppressive therapy, none of these factors was predictive.
Survival analyses
Overall, 36% of the patients have died (hATG=36% and rATG=35%; P=0.54). The median follow-up for all the patients alive at the time of analysis was 43.5 months (range, 3.6-147.3). The median survival has not been reached; however 2-and 5-year estimated survival rates are 76±5% and 64±6%, respectively. Considering the factors in Table 1 /L; P=0.03) were all individually associated with improved survival. In multivariable analyses, age (P=0.003), pretreatment ANC (P=0.02), and pretreatment ALC (P=0.03) were the only factors found to be independent predictors of survival (Table 5 ). After adjusting for these three factors, the difference in survival between patients in the rATG and hATG groups remained non-significant (P=0.73).
Like the multivariable analysis of response at 6 months, the point estimates associated with age, and pretreatment ANC and ALC were similar enough in magnitude (1.25, 0.83, and 1.04, respectively) to allow prognostic groups to be determined based solely on the number of poor-risk features present; with age 19-70 years, ANC 0.1-0.5¥10 9 /L, and ALC less than 0.75¥10 9 /L each counting as one poorrisk feature, and age over 70 years and ANC less than 0.1¥10 9 /L being counted as two. Using this scoring system, two distinct prognostic groups could be defined (Table 6) : patients with a score of 2 or less and patients with a score of more than 2. Most (44/62) patients (71%) who fell into the favorable prognostic group and had estimated 2-and 5-year survival rates of 85±6% and 71±9%, respectively; 29% of patients (18/61) had an unfavorable profile, with estimated 2-and 5-year survival rates of 37±2% and 16±10%, respectively (P<0.001) (Figure 1 ).
Discussion
The introduction of a preparation of ATG derived through immunization of rabbits prompted the clinically practical question as to whether this new and likely more potent immunosuppressive therapy would result in improved response rates when used as first-line treatment in patients with severe AA. This issue is the main focus of the current study. Certainly, when used in the salvage setting, rATG shows comparable efficacy to that seen with hATG. We conducted a pilot phase II study of rATG in a primary setting comparing the outcome of this treatment with that of historical controls who received hATG. The dose of 3.5 mg/kg x 5 days was adopted based on results from previous studies on the use of rATG in the refractory setting, 12, 13 although smaller doses could also be effective, and in one study 2.5 mg/kg was used in older patients. 23 Our results suggest that rATG given at a dose of 3.5 mg/kg over 5 days may be similar to 40 mg/kg of hATG administered over 4 days with respect to response, overall survival or the risk of early death. While both prospectively studied patients and the historical group had similar baseline clinical characteristics, reliance on historical control cases treated with hATG is a clear limitation of our study. Nevertheless, our results are comparable to those of a previously published study of a Spanish AA cohort. 15 In contrast, preliminary data from a National Institutes of Health, randomized trial showed that rATG was inferior to hATG at 3 months after immunosuppressive therapy. 24 The final result of that study will definitively settle the issue of clinical differences between rATG and hATG. Other groups have also reported that the hATG-based regimen is superior to rATG in AA. 16, 17 The results in patients with myelodysplastic syndrome may be even more confusing since single center studies, mostly using hATG, yielded response rates that varied from 16%-50%. [25] [26] [27] A prospective study comparing rATG versus hATG in myelodysplastic syndrome yielded similar response rates. 28 Previous clinical observations have suggested that rATG may be more potent than hATG, based on the more profound and prolonged lymphocytopenia produced by the former. 6 However, this stronger lympholytic activity does not necessarily mean that rATG is more immunosuppressive. In our study, there were no excess infectious complications leading to early death in patients treated with rATG and overall, the toxicity profile was similar to that reported for rATG.
In the present study multivariable analyses showed that the presence of a PNH clone and higher pretreatment ARC were independent predictors of response at 6 months. The National Institutes of Health group 19 showed that higher baseline ARC, but not a PNH clone, was strongly predictive of response at 6 months. However, it was previously reported that PNH-positive cells are reliable markers of response to immunosuppressive therapy. 29 In general, biomarkers of response are likely to predict the survival as Efficacy of rabbit ATG in severe AA haematologica | 2011; 96 (9) 1273 patients with refractory AA were shown to have a poor prognosis. 19 Importantly, in the present study combining the effects of PNH clonality and baseline ARC defined three distinct prognostic groups that had 6-month response rates that ranged from 21% to 100%. Other clinical parameters have been shown to predict responsiveness to immunosuppressive therapy. For example, in another recent study, higher ANC was also shown to be predictive of response. 30 Baseline ANC was also correlated with response in our study in univariable analysis, but was not seen to be an independent predictor in multivariable analysis once the impact of PNH clone and baseline ARC were taken into account (P=0.64).
Our multivariate analysis of overall survival showed that younger age and higher pretreatment ALC and ANC were independent positive predictors of survival. Higher ALC and ARC were previously correlated with a higher survival rate 19 while in another study, only higher ARC was predictive. 30 As with response, distinct prognostic groups could be defined by using a simple scoring system to combine the effects of age and pretreatment ANC and ALC. The survival rate at 5 years for patients with two or fewer poor survival features was 71±9% compared to 16±10% for those with more than two poor survival features (P<0.001). Identification of distinct prognostic groups such as those defined here for response and overall survival could have a major clinical impact in terms of therapeutic decision-making by helping to identify patients who may benefit from early stem cell transplantation rather than repeated cycles of ATG or other forms of immunosuppressive therapy. Additional prospective studies in larger groups of patients will, however, be needed to validate these prognostic groups.
HLA-DR15 can serve as an example of an immunogenetic polymorphism that has been linked to AA and responsiveness to immunosuppressive therapy. 31, 32 Similarly, allelic polymorphisms within the regulatory regions of cytokine gene promoters can affect their transcription and thereby influence pathogenesis of immunemediated diseases. For example, IFN-γ and TNF-α suppress the growth of hematopoietic progenitor and stem cells 33 and thus "high secretor or high affinity" genotypes could contribute to the pathogenesis of AA. Indeed, a TNF-α promoter/enhancer polymorphism was associated with increased responsiveness after immunosuppressive therapy 34 and various other cytokine gene polymorphisms were found to be over-represented in patients with AA or PNH. 35, 36 However, in our study, none of the wide variety of immunogenetic polymorphisms studied (TGF-β codons 10 and 25, IFN-γ, IL-4 codons 590 and 1098, IL-4Ra) was significantly associated with response to immunosuppressive therapy or survival.
In summary, we conclude that despite reports suggesting differences in biological activity of different ATG preparations, rATG appears to have a similar efficacy to hATG for upfront treatment of severe AA. Irrespectively of the ATG preparation used, the presence of a PNH clone and a higher pretreatment ARC appear to predict response to immunosuppressive therapy while higher pretreatment ANC and ALC correlated with better survival. However, the historical comparison of rATG to established hATG therapy is an obvious limitation of this study and until results of a randomized study are reported, these conclusions should be considered with proper caution. 
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